) seedlings supported centrally such that both apical and basal ends are free to react to geostimulus, revealed that the apical end commences curvature I to 2 hours earlier than the basal end. The later curvature in the basal region is a consequence of the absence of growth in the initial period rather than merely slower growth. A comparison of zonal growth rates in a vertical and a horizontal seedling confirmed that geostimulus induces a renewal of growth in a region where growth had ceased. Removing the apical half of the hypocotyl showed that the curvature resulting from this growth initiation in the basal region is dependent on attachment to the apical region. Evidence that this dependence is unlikely to be due to energy deficiency is adduced. The prior response of the apical end to geostimulus and the apically dependent later initiation of new growth in the basal region are compatible with the delay inherent in message transport from apex to base and are considered as evidence for apical involvement in the totality of the seedling's georesponse.
cussing geotropism in the second edition (1978) oftheir textbook (15) said ' there is transmission ofa growth-regulating factor from the region of perception to the region of response,' in the third edition (1981) they wrote 'gravitropism in shoots does not involve the longitudinal signal transduction mechanism which for many years has been frequently assumed to occur' (16) .
While in many respects the emphases of Digby and Firn constitute a helpful corrective to the too ready acceptance of assumptions implicit in the Cholodny-Went theory, we feel there is now the danger of some valid elements in the older work being discarded. Specifically, the claim that the apex has no special role (as distinct from its normal growth-sustaining role) in georesponse, involves the repudiation of the concept of apical coordination of directional growth.
Our previous work (13, 14) has emphasized that curvature involves growth stimulation as well as inhibition. Moreover, the polarity which we have discerned in the responses of the hypocotyl to light (13) and to gravity (14) , suggests a contribution of the apical region to directional growth. In this paper, we reexamine the question of apical involvement in hypocotyl geotropism.
The concept of a hormonal flow from the apex as the basis of growth regulation derives from the classical experiments of Charles Darwin who postulated the transmission ofan 'influence' to explain his finding that the region of perception in grass coleoptiles was separable from the region of response to a directional stimulus (2) . Further refinements of this concept of a transmissible influence led eventually to the Cholodny-Went hypothesis which explained growth curvature in terms of the formation of a lateral gradient of auxin (17) .
This hypothesis has now been seriously challenged on several grounds by Digby and Firn. First, they have argued (3, 9) that not only is there no convincing experimental evidence for lateral auxin transmission sufficient to account for differential growth in geocurvature, but additionally, since curvature arises from differential growth of upper and lower peripheral cell layers, as, for example, in a semicylindrical section, there is no need to postulate auxin transmission across the hypocotyl (5). Second, they showed (4) that the feature common to all geostimulated hypocotyls examined was a cessation of growth on the upper surface, a finding which they argued eliminates the need for a flow of a growth promotor. They subsequently argued that because not only georesponse, but also geoperception, is evident along the entire length of the growing axis, there is neither evidence for, nor need of, a longitudinal transmission of a hormonal message (7) . Finally the observation that the time course of geocurvature in normal and decapitated seedlings is similar, led them to assert that 'the apex plays no special role in geotropism' (8) .
This sustained attack on the traditional view has not been without effect. For instance, whereas Wareing and Phillips dis-MATERIALS AND METHODS Sunflower seeds (Helianthus annuus L.) were germinated at room temperature (22°C) in the dark on moist filter paper and after 3 d, by which time the radical had emerged to a length of 5 mm, individual seedlings were transferred to disposable cuvettes (1 x 1 x 2.5 cm) containing 1% agar. Two d later, the plumular hooks were well formed and the hypocotyls had attained a length of 1.5 cm. Etiolated seedlings ranging in length from 1.5 (5 d) to 3 cm (7 d) were selected for experiments. The seedlings were kept in the dark, all necessary manipulations being undertaken with green safe-light irradiation from an 8-w Atlas warm white fluorescent tube filtered through three layers of Rank-Strand Cinemoid film (No. 39).
The growth of the seedlings was followed by time lapse photography as previously described (12) . The seedlings were grown in the dark, photographs being taken at 5-min intervals using a flash positioned 2.5 cm from the growth chamber window (12) located above the seedlings. Both this window and the flash incorporated a double layer of Rank-Strand green Cinemoid film (No. 39). Seedlings given extended exposure to this irradiation level gave no evidence of phototropic curvature. The growth rate of different regions of the hypocotyl as a function of time was followed by the use of resin beads to mark a series of approximately 1.5-mm zones down the hypocotyl (12 Figure 1 illustrates the time course of geocurvature in three randomly selected seedlings. It is evident that pegging the hypocotyl in the center region resulted in a georesponse being exhibited at both ends ofthe hypocotyl so that eventually the hypocotyl took on a U shape. Clearly, the apical end achieved the vertical sooner than the basal end. This is a consequence not just of the faster growth of the apical end but also of the earlier commencement of response at the apical end. This latter point is brought out in Table I which gives the time (to the nearest 5 min) at which the first visible movement occurred at each end of the hypocotyls shown in Figure 1 . The apical end of each of the plants commenced curvature about 20 min (+5 min) after being put horizontal, whereas the basal end showed no movement until 1 to 2 h later.
The Effect of Geostimulus on the Growth matching sunflower seedlings were selected and the hypocotyls delimited into an equal number of zones with resin beads. One seedling was placed horizontal and the other left vertical. Growth was filmed over the following 11 h and selected frames are shown in Figure 2 . A comparison of the growth of the two seedlings shows that growth and curvature in a seedling experiencing geostimulus extends to include a region which has ceased elongating in a vertical seedling. From the growth rate data given in Table II , it can be seen that growth is confined to the upper half of the vertical seedling. In the horizontal seedling, all but the two most basal zones resume growth on the lower side and the upper side also shows a resumption of growth at a more basal level. Although the mean growth rate of the upper side of a horizontal seedling during the 11 h period considered in Table II , shows a stimulation over the vertical growth rate, sunflower hypocotyls have similar growth kinetics to that of cress and cucumber (14) in that inhibition ofgrowth occurs along the upper surface during the first 1 to 2 h of being horizontal and thereafter the inhibition is progressively replaced by a stimulation of growth moving basipetally along the hypocotyl.
The Dependence of the Basal Region of the Sunflower Hypocotyl on the Apical Region for Georesponse. Uniform sunflower seedlings were selected and some decapitated at the midpoint of the hypocotyl before being placed horizontal for 24 h. Figure 3 shows a typical result of such an experiment with two matched seedlings before and after geocurvature. Removing the apical half of the hypocotyl eliminated a georesponse from a region which achieves a 900 curvature when in contact with the apical half. Clearly, the basal region is dependent on the apical region for georesponse. That it is not a dependence on energy supply from the cotyledons can be deduced from Figure 4 which illustrates a sunflower hypocotyl severed at the base of the cotyledons and at the hypocotyl base and then sectioned into thirds. These sections were inserted through holes ofappropriate diameter into a polystyrene dish containing agar and left horizontal for 24 h. It can be seen from Figure 4 that the top third of the hypocotyl when detached from the whole plant can undergo geocurvature as can the middle third, although to a significantly lesser extent. No curvature is evident in the lower third. In seeking to establish whether or not the apical region has a special role in the regulation of geocurvature throughout the hypocotyl, two questions may be asked. First, is there a difference in the time at which tropic responses first appear in the apical and basal regions of the hypocotyl? And, second, if the basal region shows a later response, is this simply a consequence of the slower growth of the region or is it a consequence of the delay inherent in the transport of a message from the apex? It is this concept of message transport which recently has received such emphatic rejection (7) (8) (9) . Cited as evidence against message transport have been reports (9) that the differential growth responsible for curvature begins simultaneously and uniformly along the whole growing length of the organ: such claims have been based on measurements of segmental growth rates (4, 9) and on experiments in which a horizontal hypocotyl restrained by some means 'about halfway along its growing axis, curves upwards at both the apical and basal ends' (8) .
Experiments already reported (14) bearing on the first of these questions indicate a distinct polarity from apex to base in the attainment of maximum differential growth during geocurvature in cucumber hypocotyl, a feature which, although not conclusive, is at least suggestive of prior events in the apical region. The results now reported from the centrally pivoted sunflower hypocotyls confirm and extend that finding in that they not only show that the angle of curvature subtended by the basal half of the seedlings increases more rapidly in the second 2-h period of curvature compared with the earlier period (a consequence of increasing differential growth) but, more importantly, they show that the apical end starts bending before the basal end and curvature continues at the apical end for a considerable period (1-2 h depending on the position of the medial restraint) before any movement ofthe basal end is apparent. This strongly suggests that such behavior is not to be attributed merely to the faster growth rate of the apical end, but has to be seen as representing a real difference in the time of initiation of events leading to curvature at different positions along the hypocotyl. The position of medial restraint is obviously critical. Ifthe restraint is imposed too near the basal end, growth may fail to be established to an extent sufficient to raise the end significantly. Conversely, when placed slightly above the critical point (i.e., 'about halfway along its growing axis'?), the two ends do indeed show simultaneous movement albeit with different rates of bending. But the fact that a position can be determined at which the behavior of the two ends is markedly distinct must indicate temporal separation of events along the hypocotyl.
The critical nature ofthe point at which the seedling is pivoted is evident from the consideration that, ifpivoted at a point where differential growth is occurring both to the left and to the right, each end must show some movement. The fact that the basal end shows no movement for a longer or shorter period indicates that there is a renewal of growth in a nongrowing region. That this is a new event induced by the geostimulus is made clear in Table II in which it can be seen that substantial growth is initiated on the lower side of the nongrowing region (zones 9-16) and even extends to include some zones (zones 9-12) on the upper side. Equivalent zones in plants kept vertical show no renewal of growth, strongly suggesting that the growth is a consequence of the geostimulus experienced by the hypocotyl. This point is made more explicit in Table III which gives the growth increase over 11 h of the hypocotyl (considered as four equal sections) of the vertical and horizontal seedlings of Figure 2 . Although a resumption of growth following geostimulation has already been reported in the case of nodes of grass stems (1), it has not hitherto been reported for dicotyledonous stems.
The other question central to the debate is whether the later response in the basal region is a consequence of slower growth or ofthe delay inherent in message transport and here two things may be said. First, the evidence indicates a total absence of growth initially in the region under discussion. Second, the lag However it could be argued that a nongrowing region, although entirely self-sufficient in respect to geoperception and georesponse, nevertheless requires a longer period of time to give expression to its responsiveness, the resumption ofgrowth taking longer than the acceleration of growth. But if such were the case, the basal half ofthe hypocotyl should ultimately show significant curvature in the absence of the apical half and its failure to do so (Fig. 3) is clear evidence of dependence on a contribution from the apical region. That this contribution is not likely to be energy supply is indicated by the fact that regions other than the basal one can still undergo curvature when isolated from the cotyledons or any other part of the seedling (Fig. 4) . Further evidence that the limiting factor is unlikely to be energy supply was obtained from an analysis of sugars present in 4-mm zones from the apex of the hypocotyl downwards. This showed total ethanol-soluble sugars to be present in all zones at a concentration of approximately 26 mg/g fresh weight of tissue, confirming the nonexistence of a gradient of easily utilizable carbohydrate down the hypocotyl.
In the explanation of tropic movements, major emphasis has recently been placed upon the growth inhibition which is quickly, perhaps even uniformly, imposed along the length ofthe concave side of the curving organ (4, 10) . However, we have already suggested that 'the' georesponse involves two distinct and arguably separate, types of growth reaction, viz. inhibition and stimulation (14) . These phenomena ofgrowth stimulation and growth inhibition, while obviously co-ordinated in the sense of both contributing to the overall orientation process, need not represent opposite actions ofa single mechanism, e.g. presence and absence of a growth promoter. Indeed, inhibition and stimulation during curvature do seem to differ in their timings and in their locations along the hypocotyl, with growth inhibition being the more ubiquitous response (4) . Thus, in agreement with the concepts of Fim et al. (8) This of course is not to be taken as implying that the basal region is not itself involved, to some degree, in geoperception and response. If, as the evidence of this paper suggests, the basal region is ultimately dependent on the transmission of a growth factor from the apical region, that transport may itself be triggered by a signal transmitted by the basal region. The point we stress here is not so much the interdependence of one region with another as the functional dependence of the basal region on the apical region in its overall response to gravity. The fact that a polarity, indicative of an apical role, is observable (6, 14) in autotropism-another manifestation of directional growth-itself suggests that geotropic growth will be subject to similar regulation.
